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1. INTRODUCTION
The overall goal of this project is to develop novel immunotherapy strategies to improve the clinical outcome of
patients with neuroblastoma.

2. KEYWORD
Neuroblastoma, adoptive T cell immunotherapy, chimeric antigen receptor, tumor microenvironment.

3. OVERALL PROJECT SUMMARY

In our recent Phase | study we found that the adoptive transfer of Epstein-Barr-virus (EBV)-specific cytotoxic T
lymphocytes (EBV-CTLSs) genetically modified to express a chimeric antigen receptor (CAR-GD?2) targeting the
GD2 antigen expressed by neuroblasts, can persist in the peripheral blood for 6 weeks and induce objective
tumor responses (including complete remission) or tumor necrosis in 4/8 subjects with refractory/relapsed NB'.
Although encouraging, this study also revealed that the signal from the transgenic CTLs progressively declined
over time in the majority of patients™? suggesting that the anti tumor effects of these cells could be augmented
by prolonging the survival and effector function of the transgenic CTLs, for example by restoring their
responsiveness to homeostatic cytokines such as IL-7° and inducing a robust CD8* T cell memory response®.
Our second approach aims to disrupt the non-cellular stromal elements of NB that may impede access to CAR-
modified EBV-CTLs. The ability of tumor-specific CTLs to cross tumor blood vessels is crucial for reaching the
tumor cells. Leukocyte extravasation is highly dependent upon the degradation of the components of the
subendothelial basement membrane (SBM) and the extracellular matrix (ECM) such as heparan sulfate
proteoglycans (HSPGs), fibronectin and collagen®. Heparanase (HPSE) is the only known mammalian
endoglycosidase degrading HSPGs at distinct HS intra-chain sites®. Although HPSE is expressed in activated
CD4" lymphocytes, neutrophils, monocytes and B lymphocytes®”® we have found it to be deficient in cultured T
cells and EBV-CTLs.

4. KEY RESEARCH ACCOMPLISHMENT

In Task 1 we proposed to co-express CAR-GD2 and IL-7Ra in EBV-CTLs to improve their expansion
and anti tumor effects in response to IL-7, whilst avoiding the expansion of regulatory T cells (Treg)
(time frame months 1-24).

o We optimized the methodology to expand ex vivo fully functional regulatory T cells (Tregs) (as
assessed in a model of graft versus host disease (GvHD)) that can be used for the experiments in vitro
and in vivo proposed in this task of the proposal. The results of these experiments have been published
in manuscript #1 listed in the Reportable Outcome section (Chakraborty R et al. Haematologica. 2013
Apr;98(4):533-7).

e We formally demonstrated that our proposed hypothesis that the genetic manipulation of EBV-CTLSs to
express CAR-GD2 and IL-7Ra renders these cells resistant to the inhibitory effects of Tregs in vitro and
in vivo in a xenograft neuroblastoma model is correct. The results of these experiments have been
summarized in manuscript #2 and #3 listed in the Reportable Outcome section (Perna SK et al Clin
Cancer Res. Clin Cancer Res. 2014 Jan 1;20(1):131-9. Highlited article.

This task has been completed and the results reported in three publications:

1 Chakraborty R, Mahendravada A, Perna SK, Rooney CM, Heslop HE, Vera JF, Savoldo B, Dotti G. Robust
and cost effective expansion of human regulatory T cells highly functional in a xenograft model of graft
versus host disease. Haematologica. 2013 Apr;98(4):533-7.

2 Perna SK, Pagliara D, Mahendravada A, Liu H, Brenner M, Savoldo B and Dotti G. Interleukin-7 mediates
selective expansion of tumor-redirected cytotoxic T lymphocytes without enhancement of regulatory T-cell
inhibition. Clin Cancer Res. Clin Cancer Res. 2014 Jan 1;20(1):131-9. Highlited article.

3 Perna SK, Savoldo B, Dotti G. Genetic modification of cytotoxic T lymphocytes to express cytokine
receptors. Methods Mol Biol. 2014;1139:189-200.

Task 2. To evaluate the contribution of IL-7Ra ligation and co-stimulation from viral-infected target
cells on the development of long-lived memory CAR-GD2-mofied EBV-CTLs in a humanized SCID
mouse model previously engrafted with human hematopoietic stem cells (time frame months 12-48).
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During the no cost extension period we have completed the in vivo experiments and demonstrated that aAPCs
can be used to boost CAR-redirected CTLs in vivo in a xenograft model of neuroblastoma. In summary we
have found that

e aAPCs expressing pp65 and OX40L and CD40L enhance the anti-neuroblastoma activity of CTLs
expressing the GD2-specific CAR in two xenograft mouse models of neuroblastoma.
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e The inclusion of the safety switch iC9 allows the rapid elimination of the aAPCs in vivo increasing the
safety of the proposed approach.
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Figure 2: Activation of the iC9 suicide gene
eliminates engrafted K562-derived whole-
cell vaccine in vivo. Panel A.
Characterization of the clones by flow
cytometry analysis. Gray areas indicate wild
type K562 cells. Panel B. Western blot
showing the expression of CMV-pp65 in the
clones expressing the iC9 transgene. Panels
C and D. NOG/SCID/y,~ mice were
inoculated subcutaneously with irradiated (C)
or non-irradiated (D) K562-derived whole-cell
vaccine expressing the iC9 gene and labeled
with an enhanced firefly luciferase. Tumor
growth was measured by in vivo imaging.
Panel E. Effects of the administration of the
chemical inducer of dimerization (CID)
AP4076 on the growth of engineered vaccine.

This task has been completed and the
results reported in a publication:



4 Caruana |, Weber G, Ballard BC, Wood MS, Savoldo B, Dotti G. K562-Derived Whole-Cell Vaccine
Enhances Antitumor Responses of CAR-Redirected Virus-Specific Cytotoxic-T Lymphocytes in vivo. Clin
Cancer Res. 2015 Jul 1;21(13):2952-62.

Task 3: To co-express CAR-GD2 and HPSE in EBV-CTLs and determine the consequent modulation of
NB tissue infiltration and killing (time frame 1-48).

During the no cost extension period we have completed the in vitro and in vivo experiments as requested by
the reviewers of the manuscript we have submitted to Nature Medicine. We have completed all the
experiments. In particular we have demonstrated that:

o Demonstration that the constitutive expression of HPSE is equally down regulated in T cells cultured
using different experimental conditions such as: T cell expansion in human AB serum rather than FBS;
presence of IL-7/IL-15 cytokines rather than IL-2 or high doses of IL-2 rather than low doses of IL-2.
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o Demonstration that other matrix-metalloproteases can also be downregulated.
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o Demonstration that T cells expressing a different CAR targeting another antigen expressed by solid
tumor show similar outcome as observed for the GD2 antigen expressed by neuroblastoma.
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This task has been completed and the results reported in a publication:

5 Caruana I, Savoldo B, Hoyos V, Weber G, Liu H, Kim ES, Ittmann MM, Marchetti D, Dotti G. Heparanase
promotes tumor infiltration and antitumor activity of CAR-redirected T lymphocytes. Nat Med. 2015
May;21(5):524-529.

5. CONCLUSIONS

From Task 1 we have demonstrated that our proposed approach to modulate the IL-7/IL-7Ra. receptor axis in
EBV-CTLs redirected with a CAR that targets the GD2 antigen expressed by neuroblastoma promotes the
expansion of these cells in response to IL-7 without favoring the expansion of Tregs. This is highly relevant
since this strategy will support better expansion of these cells in patients with neuroblastoma without promoting
Tregs that are particularly abundant in these patients and significantly contribute in blocking immune
responses.

From Task 2 we have demonstrated that artificial antigen presenting cells aAPCs that can boost virus-specific
CTLs expressing a CAR-GD2 specific and enhance their antitumor activity in neuroblastoma.

From task 3 we have discovered a major deficiency of T cells used for adoptive immunotherapy. These cells
lack the expression of a key enzyme — HPSE — that drives their infiltration of the stroma of solid tumors. We
also demonstrated that this defect can be repaired enhancing the capacity of these cells to eliminate
neuroblastoma cells in a relevant xenogenic mouse model. This approach may also play a crucial role in
improving the clinical efficacy of CAR-redirected CTLs.

6. PUBBLICATIONS

6 Chakraborty R, Mahendravada A, Perna SK, Rooney CM, Heslop HE, Vera JF, Savoldo B, Dotti G. Robust
and cost effective expansion of human regulatory T cells highly functional in a xenograft model of graft
versus host disease. Haematologica. 2013 Apr;98(4):533-7.

7 Perna S, Pagliara D, Mahendravada A, Liu H, Brenner M, Savoldo B and Dotti G.Interleukin-7 mediates
selective expansion of tumor-redirected cytotoxic T lymphocytes without enhancement of regulatory T-cell
inhibition. Clin Cancer Res. 2014 Jan 1;20(1):131-9. Highlited article.
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7. INVENTION, PATENTS AND LICENCERS

A provisional patent has been issued by Baylor College of Medicine on the discovery reported in Task 3.
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9.

REPORTABLE OUTCOMES

We have demonstrated that our proposed approach to modulate the IL-7/IL-7Ra. receptor axis in EBV-
CTLs redirected with a CAR that targets the GD2 antigen expressed by neuroblastoma promotes the
expansion of these cells in response to IL-7 without favoring the expansion of Tregs. This is highly
relevant since this strategy will support better expansion of these cells in patients with neuroblastoma
without promoting Tregs that are particularly abundant in these patients and significantly contribute in
blocking immune responses.

We have generated artificial antigen presenting cells aAPCs that can boost virus-specific CTLs
expressing a CAR-GD2 specific. We will continue to validate these aAPCs in a xenograft model of
neuroblastoma. If the experiments are successful, this represents another relevant strategy that can be
added to the one described in Task 1 to promote the survival on CAR-redirected CTLs in patients with
neuroblastoma.

We have discovered a major deficiency of T cells used for adoptive immunotherapy. These cells lack
the expression of a key enzyme — HPSE - that drives their infiltration of the stroma of solid tumors. We
also demonstrate that this defect can be repaired enhancing the capacity of these cells to eliminate
neuroblastoma cells in a relevant xenogenic mouse model. This approach may also play a crucial role
in improving the clinical efficacy of CAR-redirected CTLs.

OTHER ACHIEVMENTS: nothing to report
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Abstract

Purpose: Adoptive transfer of Epstein-Barr virus (EBV)-spe-
cific and cytomegalovirus (CMV)-specific cytotoxic T cells (CTL)
genetically modified to express a chimeric antigen receptor (CAR)
induces objective tumor responses in clinical trials. In vivo expan-
sion and persistence of these cells are crucial to achieve sustained
clinical responses. We aimed to develop an off-the-shelf whole-
cell vaccine to boost CAR-redirected virus-specific CTLs in vivo
after adoptive transfer. As proof of principle, we validated our
vaccine approach by boosting CMV-specific CTLs (CMV-CTLs)
engineered with a CAR that targets the GD2 antigen.

Experimental Design: We generated the whole-cell vaccine by
engineering the K562 cell line to express the CMV-pp65 protein
and the immune stimulatory molecules CD40L and OX40L.
Single-cell-derived clones were used to stimulate CMV-CTLs in
vitro and in vivo in a xenograft model. We also assessed whether the

Introduction

Chimeric antigen receptor (CAR)-redirected T lymphocytes
mediate HLA-independent cytotoxic activity against a variety of
human malignancies in preclinical models (1, 2). In clinical trials,
adoptively transferred CAR-T lymphocytes induce durable tumor
regressions when CAR-T cells expand and persist in vivo (3, 4).
Proliferation and survival of CAR-T cells are strictly dependent on
their adequate costimulation (3, 5, 6). Antigen-presenting cells
(APC), such as dendritic cells, that present MHC-restricted antigen
epitopes to the T-cell receptor, and express costimulatory mole-
cules in a spatially and temporally coordinated fashion, provide
the most physiologic T-cell costimulation (7). We previously
hypothesized that engrafting CARs in virus-specific cytotoxic T
cells (VsCTLs), such as Epstein-Barr virus (EBV)-CTLs or cyto-
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in vivo boosting of CAR-redirected CMV-CTLs with the whole-cell
vaccine enhances the antitumor responses. Finally, we addressed
potential safety concerns by including the inducible safety switch
caspase9 (iC9) gene in the whole-cell vaccine.

Results: We found that K562-expressing CMV-pp65, CD40L,
and OX40L effectively stimulate CMV-specific responses in vitro
by promoting antigen cross-presentation to professional antigen-
presenting cells (APCs). Vaccination also enhances antitumor
effects of CAR-redirected CMV-CTLs in xenograft tumor models.
Activation of the iC9 gene successfully induces growth arrest of
engineered K562 implanted in mice.

Conclusions: Vaccination with a whole-cell vaccine obtained
from K562 engineered to express CMV-pp65, CD40L, OX40L and
iC9 can safely enhance the antitumor effects of CAR-redirected
CMV-CTLs. Clin Cancer Res; 21(13); 2952-62. ©2015 AACR.

megalovirus (CMV)-CTLs, can recapitulate a physiologic T-cell
costimulation of CAR-engineered T cells. VsCTLs expressing a CAR
are indeed "dual specific" and can receive a proper costimulation
by APCs processing and presenting viral epitopes to VsCTL native
virus-specific T-cell receptors, while the CAR expression redirects
their cytotoxic activity toward tumor cells (8-10).

We validated this strategy in clinical trials, in both the autol-
ogous and allogeneic settings. In patients with neuroblastoma, we
described how autologous EBV-CTLs engineered with a first-
generation (encoding only the { chain moiety) GD2-specific CAR
have better initial engraftment compared with autologous poly-
clonal activated T lymphocytes expressing the same CAR (11). In
the context of the allogeneic stem cell transplant, we also showed
that donor-derived EBV-CTLs and CMV-CTLs engrafted with a
second-generation CD19-specific CAR, encoding both the CD28
and { chain moieties, can produce antitumor and antiviral activity
without causing graft versus host disease (12). However, there
were some limitations in both autologous and allogeneic settings.
For instance, in patients with neuroblastoma, although detectable
long-term, autologous GD2-specific CAR-modified EBV-CTLs
persisted at a very low frequency in vivo (13). This limited
engraftment may indicate that the endogenous presentation of
latent EBV antigens, in the absence of virus reactivation, does not
promote robust and durable engraftment of the infused CAR-
redirected EBV-CTLs. In the allogeneic setting, we found enhanced
engraftment of the infused CD19-specific CAR-redirected VsCTLs
only in patients who were infused relatively early posttransplant,
when higher EBV or CMV viral loads can fully stimulate the
infused CAR-redirected VsCTLs through their native T-cell
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Translational Relevance

T cells recognizing viral antigens such as Epstein-Barr virus
(EBV) and cytomegalovirus (CMV) acquire tumor specificity
when genetically modified to express a chimeric antigen
receptor (CAR). Prolonged expansion and persistence of adop-
tively transferred tumor-specific T cells in vivo are a critical step
in achieving sustained clinical responses. Here, we provide
data showing that a K562-based whole-cell vaccine generated
to express the viral antigen CMV-pp65 and immune stimula-
tory molecules CD40L and OX40L enhances the antitumor
effects of CMV-cytotoxic T cells (CTL) expressing a CAR by
boosting their intrinsic virus specificity.

receptors (12). In contrast, engraftment remains suboptimal if the
cells are infused late after transplant when the probability of
experiencing virus reactivations is rather low (12).

On the basis of the clinical evidence, we hypothesized that an
intentional in vivo vaccine-mediated stimulation of adoptively
transferred CAR-modified VsCILs would produce enhanced
engraftment and superior antitumor effect of these cells. We
developed a whole-cell vaccine that promotes the cross-presen-
tation of viral epitopes to the native virus-specific T-cell receptors
of CAR-redirected VsCTLs. The proposed approach is preferable to
avaccine aimed at boosting CAR-redirected VsCTLs through their
CAR specificity, since only APCs processing and presenting viral
antigens in the MHC context can fully and physiologically induce
T-cell costimulation.

A whole-cell vaccine approach based on the administration of
irradiated allogeneicimmortalized cell lines engineered to express
immune-modulatory cytokines such as IL2 and GM-CSF to cross-
present antigens to host APCs has been used in several clinical
trials (14-18). On the basis of these clinical findings, we prepared
awhole-cell vaccine by engineering the K562 cell line to stimulate,
via antigen cross-presentation, the intrinsic virus-specificity of
CAR-modified VsCTLs in vivo. As proof of principle, we selected
to engineer the K562 cell line with the CMV-pp65 protein to
stimulate CAR-redirected CMV-CTLs (CAR-CMV-CTLs) based on
the high frequency of CMV seropositive individuals (19) and the
robust evidence that CD8" T cells specific for the CMV-pp65
protein play a dominant protective role in CMV infections (20).

We envisioned further engineering K562 to express CD40L
and OX40L immune stimulatory molecules to strengthen the
effect of our vaccine. CD40L promotes the maturation of APCs
and directly activates CD8" T cells (21-23), whereas OX40L
promotes the recruitment of CD4™ T cells (24-26), which play
an important role in controlling tumor growth in clinical trials
of adoptive T-cell transfer (13). We then conducted experi-
ments to show that the K562-derived whole-cell vaccine can
safely and effectively stimulate CAR-CMV-CTLs in vitro and in
vivo, enhancing their overall antitumor activity.

Materials and Methods

Cell line

K562, Raji, and A459 tumor cells were purchased from ATCC.
K562 and Raji cells were cultured in RPMI-1640 (HyClone,
Thermo Scientific) supplemented with 10% FBS (HyClone) and
2 mmol/L GlutaMax (Invitrogen). A549 tumor cell line was

www.aacrjournals.org
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cultured in DMEM (Gibco, Invitrogen) supplemented with
10% FBS and 2 mmol/L GlutaMax. A459 was single cell cloned
based on the expression of the GD2 antigen. The neuroblastoma
cell line CHLA-255 (ref. 27; kindly provided by Dr. Leonid
Metelitsa, Baylor College of Medicine, Houston TX) was derived
from a patient. CHLA-255 was cultured in IMDM (Gibco, Invi-
trogen) supplemented with 10% FBS and 2 mmol/L GlutaMax,
and we verified that this line retains the surface expression of the
target antigen GD2. Cells were maintained in a humidified
atmosphere containing 5% CO, at 37°C. All cell lines were
routinely tested to ensure that they were mycoplasma free and
authenticated based on short tandem repeats (STR) at MD Ander-
son Cancer Center (Houston, TX) except for CHLA-255. For the
coculture experiments, CHLA-255 and Raji cells were transduced
with a retroviral vector encoding GFP (>98% GFP* cells).

Isolation of peripheral blood mononuclear cells and
generation of dendritic cells

Peripheral blood mononuclear cells (PBMC) were isolated
from buffy coats (Gulf Coast Regional Blood Center) or blood
donations from healthy donors (under Institutional Review
Board-approved protocol, BCM) using Ficoll-Paque (Amersham
Biosciences). Monocytes were obtained from PBMCs by positive
magnetic selection with CD14 magnetic beads (Miltenyi Biotec).
Denderitic cells (DCs) were generated from CD14™" cells cultured
in DC media (CellGenix) supplemented with IL4 (1,000 U/mL)
and GM-CSF (800 U/mL; R&D Systems). On day 5, DCs were
matured with IL6 (1 pg/mL), TNFo (1 pg/mL), IL1B (1 pug/mL),
and prostaglandin E (1 pg/mL; all from R&D Systems, Inc) for
48 hours.

K562-derived whole-cell vaccine

The vaccine was generated using the K562 cell line. These cells
were transduced with lentiviral vectors encoding either human
CD40L or OX40L or pp65/eGFP or the combination CD40L/pp65
or OX40L/pp65. After transduction, single cell clones were
obtained. For selected experiments, K562 clones were also genet-
ically modified with a retroviral vector to stably express the
inducible caspase-9 suicide gene (iC9; ref. 28).

Generation of autologous phytohemagglutinine-activated T
cells and lymphoblastoid cell lines

To generate PHA blasts, PBMCs were stimulated with the
mitogen phytohemagglutinine-P (PHA-P, 5 pg/mlL; Sigma-
Aldrich). PHA blasts were then expanded in RPMI-1640 supple-
mented with 5% human serum (Valley Biomedical) and 2 mmol/L
Glutamax, and in the presence of IL2 (100 U/mL; Teceleukin,
Chiron Therapeutics). The lymphoblastoid cell lines (LCLs) were
generated as previously described (29).

Activation of monocytes by K562-derived whole-cell vaccine

Monocytes were stained with the PKH26 red fluorescent cell
linker compound and then cocultured at a ratio of 5:1 with
irradiated K562 labeled with PKH2 green fluorescent cell linker
compound (Sigma-Aldrich). After 72 hours, we analyzed the
expression of activation/maturation markers in monocytes by
flow cytometry, testing the level of expression of CD11c, CD80,
CDA83, and HLA-DR. Moreover, we monitored the coculture by a
fluorescence microscope.
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Generation of retroviral supernatant and transduction of
VsCTLs

Retroviral supernatants were produced in 293T cells, as previ-
ously described (30). Lentivirus supernatants were produced in
293T cells cotransfected with the lentiviral vector and separated
plasmids encoding the VSV-G envelope, gag-pol, and REV (31). To
generate CMV-CTLs, PBMCs from CMV seropositive donors were
stimulated with DCs (20:1) loaded with the CMV-pp65 pepmix
(HCMVA, JPT) at 5 umol/L for 2 hours at 37°C in 5% CO,. Cells
were then plated in complete media containing RPMI-1640 45%,
Clicks medium (Irvine Scientific) 45%, 10% human AB serum,
and 2 mmol/L GlutaMax. After 10 days, T cells were restimulated
with DCs loaded with the same pepmix. After the second round of
stimulation, cells were expanded and fed with IL2 (50 U/mL;
Proleukin, Chiron). Three days later, cells were transduced with a
retroviral vector encoding a CAR specific for the GD2 antigen and
containing the CD28 endodomain (CAR-GD2) using retronectin-
coated plates (Takara Bio Inc; ref. 12).

Stimulation of PBMCs and CMV-CTLs using K562-derived
whole-cell vaccine

PBMCs from seropositive donors were incubated with irradi-
ated K562 (80-100 Gy) at a ratio of 10:1 for 10 to 12 days in the
absence of cytokines. Transduced CAR-CMV-CTLs were stimulat-
ed weekly with irradiated K562 and autologous CD3-depleted
PBMC:s at a ratio of 5:1:1 (CTLs:K562:PBMCs CD3-depleted) and
fed with IL2 (50 U/mL) twice/week.

IFN+y Enzyme-Linked Immunospot Assay (ELISpot)

The IFNy ELISpot assay was performed as previously
described (8). T cells were plated in triplicate at 10> cells/well
with 5 umol/L of CMV-pp65 pepmix. In all experiments, T cells
were also incubated with an irrelevant pepmix, as negative
control, or stimulated with 25 ng/mL of phorbol myristate
acetate (PMA; Sigma-Aldrich) and 1 pg/mL of ionomycin
(Iono; Sigma-Aldrich) as positive control. In selected experi-
ments, CAR-CMV-CTLs were tested in ELISpot plates coated
with both IFNy antibody and anti-idiotype antibody (1A7) that
induces cross-link of CAR molecules (11).

Flow cytometry

For phenotypic analysis, we used CD11c, CD80, CD83, HLA-
DR, CD45, CD56, CD19, CD8, CD4, and CD3 mAbs (all from
Becton Dickinson) conjugated with FITC, PE, PerCP, or APC
fluorochromes. The expression of CAR-GD2 was detected using
the 1A7 Ab. Samples were analyzed with a BD FACScalibur system
equipped with the filter set for quadruple fluorescence signals and
the CellQuest software (BD Biosciences). For each sample, we
analyzed a minimum of 30,000 events. CTLs were also analyzed
for binding of specific tetramers. Tetramers were prepared by the
Baylor College of Medicine (Houston, TX) core facility. For each
sample, a minimum of 100,000 cells were analyzed.

Chromium-release assay

The cytotoxic activity of T cells was evaluated using a standard
4-hour ®' Cr-release assay, as previously described (9). Target cells
were incubated in medium alone or in 1% Triton X-100 (Sigma-
Aldrich) to determine spontaneous and maximum >'Cr-release,
respectively. The mean percentage of specific lysis of triplicate
wells was calculated as follows: [(test counts — spontaneous
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counts)/(maximum counts — spontaneous counts)] x 100. The
target cells tested included CHLA-255, Raji, and PHA blasts
loaded with irrelevant or CMV-pp65 pepmixes.

Western blot analysis

Proteins were extracted from 5 x 10° cells, using RIPA lysing
buffer (Cell Signaling Technology) supplemented with a protease
inhibitor cocktail (Sigma-Aldrich). Of note, 50 g of protein were
resolved by SDS-PAGE, transferred to polyvinylidene difluoride
membranes (Bio-Rad), and blocked with 5% (W/V) nonfat dry
milk in TBS with 0.1% (V/V) Tween-20. Blots were stained with
mouse anti-CMV-pp65 (1:200, clone 1-L-11; Santa Cruz Biotech-
nology) and mouse anti-human B-actin (1:10000, clone C4; Santa
Cruz Biotechnology). Blots were washed with TBS containing
0.1% (V/V) Tween-20, stained with horseradish peroxidase-con-
jugated secondary Ab (1:5000, goat anti-mouse sc-2005; Santa
Cruz Biotechnology), and incubated with SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo Scientific).

Xenogenic SCID mouse models

Mouse experiments were performed in accordance with Baylor
College of Medicine's Animal Husbandry guidelines following
Institutional Animal Care and Use Committee-approved proto-
cols. In the first set of experiments, we tested the ability of the
K562-derived whole-cell vaccine to stimulate CMV-CTLs from
PBMC:s collected from healthy CMV-seropositive donors. Figure
2A summarizes the design of the experiment. Eight- to 10-week-
old NOG/SCID/y. '~ mice (Jackson Lab) received three inocula-
tions intraperitoneally (i.p.) and intravenously (i.v.) of 5 x 10°
PBMCs (32) and 10° irradiated K562 and were euthanized by day
14 for analysis of immune responses. For the antitumor effects,
two models were tested. In the first model, NOG/SCID/y.~/~ mice
were implanted i.p. with CHLA-255 cells (2.5 x 10°), labeled with
firefly luciferase, and resuspended in Matrigel (Becton Dickinson
Biosciences). Tumor growth was measured by in vivo biolumines-
cence using the Lumina IVIS in vivo imaging system (PerkinElmer;
ref. 33). Five days after tumor inoculation, control and CAR-CMV-
CTLs were injected i.p. (10 x 10° cells/mouse). Mice were sub-
sequently vaccinated according to the schedule illustrated in Fig.
2A.T1L2 (1,000 U/mouse) was also administered i.p. twice a week
for 2 weeks. In the systemic tumor model, NOG/SCID/y. ™/~ mice
were infused via tail injection with GD2" A459 tumor cells
labeled with firefly luciferase (6 x 10> cells). On day 3, mice
were injected i.v. with control or CAR-CMV-CTLs (8 x 10° cells/
mouse) and vaccinated with K562 as described in Fig. 2A. Tumor
growth was monitored by using the Lumina IVIS imaging system.
Mice were euthanized when signs of discomfort were detected by
the investigator or as recommended by the veterinarian who
monitored the mice three times a week or when luciferase
signal reached 7.5 x 107 p/sec/cm?/sr. For the validation of
the iC9 suicide gene, mice were engrafted with K/CD40L/pp65
and K/OX40L/pp65 clones expressing iC9 and an enhanced firefly
luciferase gene (34). After engraftment, mice were infused intra-
peritoneally with the dimerizing drug AP20187 (50 ug/mouse;
Clontech Lab) for 2 consecutive days. K562 growth was followed
by in vivo bioluminescence.

Statistical analyses
Unless otherwise noted, data are summarized as mean =+ SD.
Student ¢ test was used to determine statistically significant
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differences between samples, with P value <0.05 indicating a
significant difference. When multiple comparison analyses were
required, statistical significance was evaluated by one-way
ANOVA. Survival analysis was performed using the Kaplan-Meier
method in GraphPad Software. The log-rank test was used to
assess statistically significant differences between groups of mice.
All P values <0.05 were considered statistically significant.

Results

K562-derived whole-cell vaccine encoding CMV-pp65 and
CD40L stimulates CMV-CTLs in vitro by mediating antigen
cross-presentation

To develop a whole-cell vaccine capable of boosting CMV-
CTLs, we engineered the K562 cell line to express CMV-pp65,
CD40L and OX40L molecules as follows: CD40L/pp65 (K/
CD40L/pp65), OX40L/pp65 (K/OX40L/pp65), CD40L (K/
CD40L), OX40L (K/OX40L), or pp65 (K/pp65). K/pp65 also
expressed GFP, as a marker of selection. Single cell clones of
engineered K562 were used for all the experiments. The expres-
sion of CD40L and OX40L was confirmed by FACS analysis
(Fig. 1A), whereas the expression of pp65 was assessed by
Western blot analysis (Fig. 1B). To ensure in vitro that engi-
neered and irradiated K562 cells promote antigen cross-pre-
sentation, we proved that apoptotic bodies derived from irra-
diated K562 were uptaken by monocytes. As shown in Fig. 1C,
freshly isolated monocytes (stained with red fluorescent) were
cocultured for 3 days with either irradiated K/pp65 or K/
CD40L/pp65 (stained with green fluorescent). Monocytes
engulfed K562-derived apoptotic bodies (stained with yellow
fluorescent) and expressed CD80 and CD83, and showed more
pronounced upregulation of CD11c and HLA-DR only in the
presence of CD40L (Fig. 1D). OX40L is not known to promote
maturation of APCs, therefore it was unsurprising that the
effects of K/OX40L/pp65 on the induction of CD80 and CD83
molecules on cultured monocytes were similar to those
observed using K/pp65 (Supplementary Fig. S1).

The capacity of the whole-cell vaccine to stimulate ex vivo CMV-
CTLs was assessed by coculturing PBMCs collected from CMV
seropositive donors with engineered and irradiated K562 for 10 to
12 days. As positive controls, the same PBMCs were cultured in the
presence of CMV-pp65 pepmix. After 10 to 12 days of culture, we
found more CD3"CD8" T cells in K/CD40L/pp65 and K/OX40L/
pPP65 (22% + 5%) compared with K/pp65 (14% =+ 4%; P =
0.002), and also more CD3"CD4™" T cells (42% + 9% vs. 33% =+
11%; P = 0.002). The NK cells were 47% + 15% in K/pp65 and
31% + 14% in K/CD40L/pp65 and K/OX40L/pp65 (P =
0.014; Table 1). When assayed against CMV-pp65 pepmix, we
found that K/pp65 effectively stimulated CMV-CTLs (292 + 56
IFNy™ SFU/10° cells) and that the presence of CD40L (K/CD40L/
pp65) further enhanced this effect (502 + 104 IFNy™ SFU/10°
cells; P=0.034; Fig. 1E), although not as effectively as the positive
control condition in which PBMCs were directly stimulated with
CMV-pp65 pepmix (789 + 130 IFNy " SFU/10° cells). The pres-
ence of OX40L (K/OX40L/pp65) did not enhance the stimulatory
effect observed with K/pp65 (357 + 40 IFNy ™" SFU/10° cells; P =
ns). The combination of K/CD40L/pp65 and K/OX40L/pp65 did
not further increase the frequency of CMV-CTLs (477 + 91 IENy™"
SFU/10° cells; Fig. 1E). Pulsing T cells with an irrelevant pepmix
produced negligible IFNy reactivity (<30 IFNy" SFU/10° cells; Fig.
1E). Overall, these data indicate that K/CD40L/pp65 can effi-
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ciently stimulate CMV-CTLs in vitro from PBMCs collected from
seropositive donors.

CD40L and OX40L expressed by K562-derived whole-cell
vaccine cooperate in stimulating CMV-CTLs in vivo

We assessed the capacity of the whole-cell vaccine to stimulate
in vivo CMV-CTLs using NOG/SCID/y.”/~ mice. Animals were
coinfused with freshly isolated PBMCs obtained from CMV-
seropositive donors and vaccinated twice with irradiated
whole-cell vaccines and PBMCs as a source of APCs. CMV-specific
immune responses were measured 7 days after the last vaccination
(Fig. 2A). At the time of analysis, human CD45 " cells engrafted in
the spleen of mice from all groups, though engraftment was lower
in mice vaccinated with K/pp65 as compared with mice vaccinat-
ed with K/CD40L/OX40L (P = 0.014) or K/CD40L/pp65 and
K/OX40L/pp65 (P = 0.033; Fig. 2B). Although the immunophe-
notype of engrafted human CD45 ™" cells isolated from the spleen
showed a similar distribution in CD3"CD4*, CD3"CD8", and
NK cells (Fig. 2C), the antigen specificity of engrafted T cells was
significantly different. As shown in Fig. 2D, in all experimental
conditions T cells recovered from the spleen of mice vaccinated
had detectable CMV-specific IFNy production. However, the
vaccination with combined K/CD40L/pp65 and K/OX40L/pp65
stimulated the highest CMV-specific response (101 + 21 IFNy™"
SFU/10 cells) compared with controls K/CD40L/OX40L (28 + 6
IFNy ™ SFU/10° cells; P<0.001), K/pp65 (53 + 22 IFNy* SFU/10°
cells; P = 0.048) and K/CD40L/pp65 (41 + 14 IENy" SFU/10°
cells; P = 0.033). In contrast with the in vitro experiments, in vivo
data supported a critical role for the combination of CD40L- and
OX40L-mediated activation in stimulating CMV-CTLs.

Virus specificity of "dual-specific" CAR-CMV-CTLs is boosted in
vitro by the K562-derived whole-cell vaccine

To assess whether the whole-cell vaccines can be used to boost
"dual-specific" CAR-CMV-CTLs, we generated CMV-CTLs as pre-
viously described (10, 12) and engrafted them with the CAR-GD2.
The transduction efficiency of CMV-CTLs exposed to the retroviral
supernatant encoding the CAR-GD2 ranged between 35% and
65%, as detected by flow cytometry. CAR-CMV-CTLs were then
stimulated twice, one week apart, with engineered and irradiated
K562 and autologous PBMC:s (as a source of APCs), and assessed
for phenotype and IFNy production by ELISpot. CAR-CMV-CTLs
stimulated with combined K/CD40L/pp65 and K/OX40L/pp65
showed a significant enrichment in specific precursors responding
to the CMV-pp65 pepmix as assessed by IFNy ELISpot assay
(1,397 + 212 IENy* SFU/10° cells) compared with CTLs stimu-
lated with control K/CD40L/OX40L (749 + 146 IFNy™ SFU/10°
cells; P < 0.001; Fig. 3A). Similarly, CAR-restricted responses,
measured after stimulation with the anti-idiotype 1A7 Ab that
cross-links CAR-GD2 molecules, significantly increased in CAR-
CMV-CTLs stimulated with K/CD40L/pp65 and K/OX40L/pp65
(2,819 + 452 IFNy" SFU/10° cells) compared with CTLs stimu-
lated with control K/CD40L/OX40L (1,610 = 267 IENy " SFU/10°
cells; P=0.009; Fig. 3A). In HLA-A2* donors, phenotypic analysis
confirmed a significant enrichment in NLV-tetramer " and CAR™"
CTLs after stimulations with K/CD40L/pp65 and K/OX40L/pp65
(Fig. 3B).

We explored the retained effector function of CAR-CMV-CTLs
stimulated in vitro with K/CD40L/pp65 and K/OX40L/pp65
against CMV-pp65" target and neuroblastoma GD2" cells
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Figure 1.

K562-based whole-cell vaccine encoding CMV-pp65 and CD40L matures monocytes and stimulates CMV-CTLs in vitro. A, expression of CD40L and OX40L in
engineered K562. Striped histograms indicate wild-type K562 cells. B, Western blot analysis showing the expression of CMV-pp65 in engineered K562. C,
uptake of apoptotic bodies from irradiated K/pp65 and K/CD40L/pp65 by monocytes. Monocytes labeled with PKH26 red fluorescent cell linker compound
were cocultured (5:1 ratio) with irradiated K/CD40L/pp65 labeled with PKH2 green fluorescent cell linker compound. Analysis of fluorescence signals was
performed after 72 hours of coculture using a fluorescence microscope (Olympus IX70). D, expression of CD80, CD83, CD11c and HLA-DR by monocytes 72 hours
after coculture with irradiated K/pp65 (in blue) and K/CD40L/pp65 (in green). The red line represents the expression of CD80, CD83, CD11c, and HLA-DR before the
stimulation. E, frequency of CMV-CTLs assessed by IFNy ELISpot using the CMV-pp65 pepmix. Data represented mean + SD of 11 CMV-seropositive donors.

Stimulation with an irrelevant pepmix was used as a negative control.

through their native TCRs and CAR, respectively. In a standard
>!Cr-release assay, CAR-CMV-CTLs showed cytotoxic activity
against the GD2" target (CHLA-255; 63% + 14%) and pp65-
pepmix loaded PHA blasts (59% =+ 3%; at 20:1 E:T ratio), but not
against the GD2™ target cell line (Raji) or PHA blasts loaded with
an irrelevant pepmix (Fig. 3C and Supplementary Fig. S1). Con-
trol CMV-CTLs not expressing the CAR showed no activity against
CHLA-255 (data not shown). Similar results were obtained by
measuring IFNy production in ELISpot assays. We plated CTLs

Table 1. Phenotype of T cells collected by day 10 to 12 after coculture with K562-
based whole-cell vaccine

CD3"/CD4" CD3"/CD8" CD3 /56"
PBMC/pp65 pepmix 48% + 27%  45% + 29% 5% + 2%
K562 wild-type 46% + 1% 17% + 2% 29% + 10%
K/pp65 33% + N% 14% + 4% 47% +15%

K/CD40L
K/OX40L
K/CD40L/pp65

42% + 7%
40% + 5%
43% + 1%

K/CD40L/pp65 + K/OX40L/pp65 42% + 9%

23% + 7%
20% + 6%
22% + 3%
22% + 5%

30% + 5%
33% £+ 6%
31% + 13%
31% + 14%
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and tumor cells at a ratio of 1:1, and after 24 hours, CAR-CMV-
CTLs stimulated with K/CD40L/pp65 and K/OX40L/pp65 in
response to CHLA-255 showed a trend for a higher IFNy produc-
tion (421 4+ 21 IFNy" SFU/10° cells) as compared with CAR-
CMV-CTLs stimulated with K/CD40L/OX40L (295 + 81 IFNy*
SFU/10° cells; P= 0.6; Fig. 3D). Reactivity against Raji cells (GD2~
targets) was low in all experimental conditions. In coculture
experiments in which CTLs and tumor cells were plated at a
1:1 ratio and cultured for 4 days, CAR-CMV-CTLs retained
their capacity to eliminate CHLA-255 but not Raji (Fig. 3E).
Overall, these data indicate that CAR-CMV-CTLs stimulated with
K/CD40L/pp65 and K/OX40L/pp65 retain their selective specifi-
cities for CMV-pp65 and GD2 antigens.

Vaccination with K562-derived whole-cell vaccine encoding
CMV-pp65, CD40L, and OX40L increases the antitumor effect
of "dual specific" CAR-CMV-CTLs

To assess whether vaccination with the K562-derived whole-
cell vaccine increases the antitumor effects of CAR-CMV-CTLs,
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Coexpression of CD40L and OX40L by K562-derived whole-cell vaccine maximizes the stimulation of CMV-CTLs in vivo. A, schematic representation of the xenograft
mouse model in NOG/SCID/YC’/’ mice. B, engraftment of human CD45" cells in the spleen, 14 days after vaccination. C, phenotypic analysis of human

CD45™ cells engrafted in the spleen by day 14. Data represent mean + SD of 8 mice per group. D, enumeration of the CMV-CTLs in isolated human CD45™ cells
as assessed by IFNy ELISpot in response to CMV-pp65 and irrelevant pepmixes. Data represent mean + SD of 8 mice per group.

NOG/SCID/y.”/~ mice were implanted intraperitoneally with
CHLA-255 cells labeled with firefly luciferase. Five days after
tumor implant, mice received intraperitoneal control or CAR-
CMV-CTLs followed by the vaccination schedule illustrated in Fig.
2A. Mice vaccinated with the K/CD40L/pp65 and K/OX40L/pp65
combination controlled tumor growth significantly better by day
50 than mice vaccinated with K/CD40L/OX40L (P = 0.011; Fig.
4A). Tumor control was CAR mediated, since tumors grew despite
vaccinations with K/CD40L/pp65 and K/OX40L/pp65 in mice
infused with control CMV-CTLs (Fig. 4A). We selected day 50 to
stop the experiment and to assess macroscopically for the pres-
ence of tumor at the time of euthanasia. We found that although
only 2 out of 17 (12%) mice vaccinated with K/CD40L/OX40L
were tumor free, 8 out of 17 (47%) mice were tumor free in the
group vaccinated with K/CD40L/pp65 and K/OX40L/pp65. In
addition, tumors were significantly smaller in mice vaccinated
with K/CD40L/pp65 and K/OX40L/pp65 compared with mice
receiving control CMV-CTLs (P < 0.0001) or CAR-CMV-CTLs and
control K/CD40L/OX40L vaccine (P = 0.022; Fig. 4B). Human
CD45 ™ T cells recovered from the spleen of mice vaccinated with
combined K/CD40L/pp65 and K/OX40L/pp65 also showed the
highest frequency of CMV-CTLs (85 + 16 IENy" SFU/10° cells)
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compared with mice vaccinated with the control K/CD40L/
OX40L (41 £ 11 IENy™ SFU/10° cells; P = 0.035